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ABSTRACT
This paper presents the development and the experimental validation of a model of a scroll expander integrated into
a Liquid Flooded Ericsson Cooler (LFEC) as proposed by Hugenroth (2007). This system uses liquid flooding of the
compressor and the expander to approach isothermal compression and expansion processes. A detailed model of the
flooded scroll expander has been constructed which allows prediction of its performance over a wide range of
operating conditions. This model is validated with experimental data collected on a prototype of a Liquid Flooded
Ericsson Cooler. A parametric study is finally conducted for investigating the performances of the expander under
different design changes, such as the shape of the tip of the scroll and the leakage gap size.

1. INTRODUCTION
The purpose of the present work is to develop and validate a comprehensive model of a scroll expander integrated
into a Liquid Flooded Ericsson Cooler (LFEC). This system uses liquid flooding of the compressor and the expander
to approach isothermal compression and expansion processes. The model must be detailed enough to investigate the
performances of the expander under different operating conditions and design changes and to point out the losses
that occur in flooded expansion.

2. MODEL
The development of this model is done in two steps. First, a model describing the geometry of the expander is built.
This model determines the evolution of the volumes (and their derivatives) and the internal leakage paths with the
crank angle. Results generated by the geometric model are then used in the expansion process model. This model
describes the evolution of the temperature and the pressure in all the chambers of the expander with the crank angle.
The primary equations governing the modeling of the flooded scroll compressor and expander are given by Bell et
al. (2008). This paper focuses on the modeling features specific to the expander.
The different working chambers are shown in Figure 1. At the beginning of the suction process, the suction chamber
is chamber 6. The volume of this chamber increases with increasing the orbiting angle, up to a point where the gap
area A12 between the chamber in communication with the suction port (chamber 1) and chamber 2 (or 3) is small
enough to create a pressure differential between these chambers. In order to avoid any numerical instability,
chamber 6 is arbitrarily divided into chamber 1, chamber 2 and chamber 3, when the gap area is equal to half of the
suction port area. From this time, evolution of the pressure and the temperature in the three chambers are described
independently. One can expect a large radial leakage flow between chamber 1 and chambers 2 and 3 due to the fact
that the tip seal doesn’t extend to the end of the scrolls. This will attenuate the suction pressure drop.
As the suction process proceeds, the volume of chamber 1 still increases to finally reach, at ș = 2ʌ rad, the initial
volume of the suction chamber (volume of chamber 6 at ș = 0 rad). The pressure and the temperature of the fluid in
chamber 1 at the end of the suction process must be equal to the pressure and temperature in the chamber 6 at the
beginning of the suction process. At exactly ș = 2ʌ rad, chambers 2 and 3 cease to be in communication with
chamber 1 and the expansion process starts.
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Figure 1: Definition of various expander chambers at the end of the suction process (at position ș/2ʌ = 0.9)
The expansion process extends from 0 to șd rad. The discharge angle șd has been defined by Halm (1997). During
this process, the fluid is expanded in chamber 7 and 8, which are the expansion chambers that develop from
chambers 3 and 2. Flank and radial clearances allow fluid to flow between adjacent chambers.
The expansion chambers remain closed until the orbiting angle reaches the discharge angle șd. At this time, the
expansion chambers open up to the discharge region and the discharge process starts. Chamber 9 is the discharge
chamber that develops from chamber 7 and chamber 10 is the discharge chamber that develops from chamber 8. At
the beginning of the discharge process, the gap between the discharge chamber and the discharge region (chamber
13) is small and the in-going or out-going flow is restricted. Consequently, the pressure in the discharge chambers
and in the discharge region do not equalize instantaneously. In the case that the pressures in chambers 9, 10 and 13
have equalized, these three chambers are merged in one unique control volume, which is chamber 14.
The evolution of the volumes of the different chambers with the orbiting angle is shown in Figure 2.

Figure 2: Change of different chambers volume with respect to orbiting angle ș

International Compressor Engineering Conference at Purdue, July 14-17, 2008

1323, Page 3
3. VALIDATION
3.1. Experimental investigation
An initial experimental data set comprising 27 tests is obtained. For the expander, these tests differ from each other
by the expander speed (865, 1155 and 1751 rpm), the hydraulic pump speed (60, 120 and 240 rpm, leading to
different oil flow rates through the expander) and the levels of pressure in the test rig (3 levels). Results related to
additional tests are also reported in this paper.
The gas mass flow rate is measured by means of a Coriolis flow meter installed on the gas line between the second
stage separator on the hot side and the regenerator (Bell et al., 2008). The oil mass flow rate through the expander is
determined by performing a heat balance across the expander, with an estimate of the heat exchange with the
ambient (Hugenroth, 2007). The oil flow rate could have also been determined on the basis of the heat balance
across the heat exchanger. However, it appears that this method underestimates the low oil flow rates due to
temperature measurement problems.

3.2. Fitted parameters
The inputs of the model are the suction and the discharge pressures Ps and Pd, the suction temperature Ts and the
mass fraction of liquid in the mixture xl. The outputs of the model are the gas flow rate, the discharge temperature Td
and the shaft power. Some model parameters are measured (such as the geometric parameters of the machine) and
others need to be tuned using experimental data (the axial and radial leakage gaps, the heat transfer coefficient with
the ambient and the mechanical losses).
The global heat transfer coefficient between the expander and the ambient is adjusted to best fit the calculated
exhaust temperature to the measured one. The identified heat exchange coefficient is equal to 1 W/K. The
mechanical losses are computed on the basis of a fictitious friction torque Tloss which is assumed to be constant with
the expander speed N. The identified friction torque is 0.7 N-m.

Table 1: Fitted parameters
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Figure 3: Variation of the identified flank gap with
the expander supply pressure
The flank and radial clearances are the most difficult parameters to identify. The best agreement between model
predictions and experimental measurements for the flow rate and the mechanical power is found by tuning the flank
gap rather than the radial gap. It appears that a flank clearance varying with the operating conditions should be
introduced in the model. This could be explained by the presence of oil adhering to the scroll walls and reducing the
flow passage through the clearances (Itoh et al., 2002). The separated flow model proposed by Huagen et al. (2004)
and detailed in the discussion of flooded compression/expansion of Bell et al. (2008) is found to give good results
for the flank leakage flow rate.
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A flank leakage has been identified for each test by adjusting it in order to bring the calculated gas flow rate within
1% of the measured one. It appears that the flank leakage gap decreases with increasing rotational speed, which can
be explained by deformation of the orbiting scroll due to centrifugal forces. As an unanticipated result, it was also
observed that the flank gap increases with the supply pressure, which is shown in Figure 3. Fitted parameters are
summarized in Table 1.

3.3. Prediction of the mass flow rate
In the validation presented hereunder, a linear relationship between the flank gap and the supply pressure has been
considered for each rotational speed. For the calculation of the suction and discharge flows, it is observed that the
separated flow model for the effective mixture specific volume yields better results than the entrainment model. The
expression for the effective specific volume related to this flow pattern in given by Bell et al. (2008).
Figure 4 compares the evolutions of the measured and calculated gas mass flow rates with the supply pressure for
the three speeds. The maximum deviation between the model predictions and the measurements is 4.1%. The 5%
error bars are given as a reference.

Figure 4: Verification of the gas mass flow rate (5%
error bars)

Figure 5: Verification of the shaft power (5% error
bars)

3.4. Prediction of the shaft power
The evolutions of the measured and calculated shaft power with the supply pressure are shown in Figure 5. The
maximum deviation between the model predictions and the measurements is 6.7%. Here also, error bars are
specified for a reference. For each rotational speed, one can distinguish between the three imposed levels of
pressure. For a given level of pressure, the expander shaft power decreases with the oil flow rate because of the
increasing pressure drops due to the suction process. This decrease in the expander shaft power is also accentuated
by an expander supply pressure decreasing with the oil flow rate (which is due to larger pressure drops through the
piping of the test rig). A more detailed mechanical losses model should account for the oil fraction in the mixture by
capturing the effects of the viscous losses in the expander.

3.5. Prediction of the discharge temperature
The evolutions of the measured and calculated nondimensional exhaust temperature with the oil fraction are given in
Figure 6. The agreement between the model predictions and measurements is good, with a maximum deviation of
1.3K. The accuracy of the predicted discharge temperature is dependent on the accuracy of the predicted mass flow
rate and shaft power. Actually, the discharge temperature tends to be underpredicted when the mass flow rate is
underpredicted (which is probably due to the underprediction of leakage mass flow rate) and when the shaft power is
overpredicted (which is probably due to the underprediction of the mechanical losses). Figure 6 also shows that the
expansion tends to approach isothermal behavior for the highest oil fractions.
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Figure 6: Verification of the discharge temperature

4. EXPANDER ANALYSIS
4.1. Influence of operating temperature on the performance
Additional tests have been carried out at higher and lower expander supply temperatures. Analysis of these tests
revealed that the volumetric efficiency (defined as in compressor mode, which explains the values higher than unity)
of the expander varies not only with the speed and the pressure differential (which drives the internal leakages) but
also with the supply temperature (see Figure 7). One reason could be that the ability of the oil to seal the leakage gap
increases with its viscosity, and consequently decreases with its temperature. This was already mentioned in other
works on lubricated volumetric machines (Neveu et al., 2002). For a series of points characterized by an expander
speed ranging from 860 to 890 rpm and characterized by similar pressure differential (ranging from 6.64 to 9.01
bar), the flank leakage gap size has been identified by imposing the calculated flow rate to be equal to the measured
one. As expected, the identified flank gap increases with the expander supply temperature, which is shown in Figure
8.

Figure 7: Evolution of the expander volumetric
efficiency with the supply temperature

Figure 8: Evolution of the identified flank leakage gap
with the supply temperature
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For this series of points, comparison of the measured and calculated shaft powers and discharge temperatures are
shown in Figures 9 and 10. The shaft power is predicted within 5% (error bars specified for reference). The
discharge temperature is predicted within less than 1 K, which tends to confirm that the leakage flow is correctly
predicted.

Figure 9: Verification of the shaft power (5% error
bars)

Figure 10: Verification of the discharge
temperature (1K error bars)

4.2. Suction pressure drop
The suction process causes a non-negligible suction pressure drop due to the partial blockage of the suction port by
the tip of the orbiting scroll (see Figure 1). Moreover, at the end of the suction process, this pressure drop is
reinforced by the decreasing flow path A12 between chamber 1 and chambers 2 and 3. This suction pressure drop
also increases with the oil fraction, which is an undesirable feature of the expander geometry. In order to investigate
the potential improvement of the expander performance by reducing the suction pressure drop another scroll
geometry, represented in Figure 11 (at position /2 =0.9), has been defined. This new geometry is characterized by
a thinner tip of the scroll (so that the suction port blockage is reduced), a suction port diameter 10% larger than the
initial one and a radial leakage gap between chamber 1 and chambers 2 and 3 of 400 μm. Figure 11 and Figure 12
compare the P-V diagrams associated to the initial design and the modified design. The reduction in the pressure
drop yields an increase in the shaft power from 834 W to 869 W.

Figure 11: P-V diagram : Ps = 14.96 bar, Pd = 7.17
bar, Ts = 9.68°C, xl = 58%, N = 892 rpm (original
geometry)

Figure 12: P-V diagram : Ps = 14.96 bar, Pd = 7.17
bar, Ts = 9.68°C, xl = 58%, N = 892 rpm (modified
geometry)
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Examination of Figure 12 also reveals that the expander performance could be improved by increasing its internal
built-in volume ratio (equal to 1.6 for the actual machine) so that under-expansion losses would be reduced. The
reduction in the pressure drop is even more significant at higher expander speeds, which is shown in Figures 13 and
14. The shaft power here increases from 533 W to 633 W with the modification to the expander design.

Figure 13: P-V diagram Ps = 9.05 bar, Pd = 5.39 bar,
Ts = 15.3°C, xl = 68%, N = 1751 rpm (original
geometry)

Figure 14: P-V diagram Ps = 9.05 bar, Pd = 5.39 bar,
Ts = 15.3°C, xl = 68%, N = 1751 rpm (modified
geometry)

4.3. Variation of the leakage gap size
Simulations for different radial and flank leakage gap sizes were performed in order to investigate how sensitive the
expander’s performance with respect to leakage is (For this simulation, the operating conditions are: Ps = 13.9 bar,
Pd = 7.27 bar, Ts = 13.9 °C, xl = 57%, N = 865 rpm). The standard flank gap size is 62 μm and the standard radial
gap size is 10 μm. For the expander under investigation, the shaft power decreases with the leakage gaps size
because of the increase of the suction pressure drops due to higher suction flow rate (Figure 15). For this simulation,
the flank leakage curve shows an optimal value. This is due to the fact that, even if they exacerbate the suction
pressure drops, leakage flows can slightly improve the P-V diagram. Figure 16 shows that the discharge temperature
is strongly dependent on the leakage gaps size. In terms of volumetric efficiency, the expander performance can also
be largely improved by reducing the leakage gap size (as it was shown in Figures 7 and 8).

Figure 15: Delivered shaft power vs gap size

Figure 16: Discharge Temperature vs gap size
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8. CONCLUSIONS AND RECOMMENDATIONS
A comprehensive model of a scroll expander integrated into a Liquid Flooded Ericsson Cycle Cooler has been
developed. This model appears to be an appropriate tool for investigating the performance of the expander under
different operating conditions and design changes.
The model has been validated with experimental data. Only a few parameters had to be tuned (the external heat
transfer coefficient, the mechanical losses and the flank and radial leakage gaps). It appears that the leakage gaps
decrease with the expander speed, which can be explained by increased scroll deformation at higher rotational
speed. It is also observed that the leakage gap increases with the supply pressure. Analysis of the measurements also
revealed that the volumetric efficiency of the expander worsens with warmer expander suction temperatures. One
reason could be that the sealing ability of oil decreases with its viscosity and hence with its temperature.
The geometry of the scroll machine should be modified for a use in expander mode. More particularly, the suction
pressure drop could be diminished by modifying the shape of the scroll tip. It is also shown that the performance of
the expander can be improved by decreasing the leakage gap sizes.

NOMENCLATURE
A
h

M

N
P
T
v
UA
V
x

area
gap
efficiency
specific enthalpy
mass flow rate
rotation speed
pressure
temperature or torque
orbiting angle
specific volume
heat transfer coefficient
volume
mass fraction

(m2)
(m)
(-)
(J/kg)
(kg/s)
(rpm)
(Pa)
(°C or N-m)
(rad)
(m3/kg)
(W/K)
(m3)
(-)

Subscripts
calc
calculated
d
discharge
f
flank
g
gas
l
liquid
leak
leakage
meas
measured
r
radial
s
isentropic, supply
sh
shaft
v
volumetric
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